Objectives To correlate contrast-enhanced ultrasound (CEUS) kinetic parameters with traditional and molecular prognostic factors in invasive breast cancer. Methods Seventy-five invasive breast cancers were evaluated with contrast harmonic imaging after the injection of a bolus dose of 2.4 ml sulphur hexafluoride microbubble contrast agent. The lognormal function was used for quantitative analysis of kinetic data. These parameters correlated with traditional prognostic factors (tumour size, histological type, tumour grade, axillary lymph node status) and immunohistochemical biomarkers (ER, PR and HER2 status). Results Statistically significant correlation was found between time-to-peak and tumour grade (P value=0.023), PR status (P value=0.042) and axillary node status (P value=0.025). Washout ratio, measured at 21 s was significantly associated with ER status (P value=0.042) and PR status (P value=0.026).
Introduction
High-resolution conventional grey-scale ultrasound is an essential part of breast and axillary imaging, especially in young patients and mammographically dense glandular breasts [1] . Microbubble contrast agents have been shown to be useful in demonstrating abnormal vasculature at colour and power Doppler ultrasound and allow differentiation of benign lesions from malignant breast masses [2] . Recent advances in ultrasound machines and dedicated software applications along with modern contrast agents like SonoVue have led to the ability to detect microvasculature at the capillary level. Compared with Doppler ultrasound, contrast-enhanced ultrasound (CEUS) offers better sensitivity in the visualisation of pathological microvessels in neoplastic tissues [3] .
Previous studies showed that both dynamic contrastenhanced (DCE) computed tomography (CT) and magnetic resonance imaging (MRI) methods are able to assess tumour microcirculation non-invasively [4] . As angiogenesis correlates well with biological behaviour of tumours and disease outcome, DCE-CT and MRI features can also provide information on tumour aggressiveness and prognosis [5, 6] . A further application area of DCE imaging methods that evaluate vascular properties of tumours is the monitoring of treatment in cancer [7] .
Unlike MR contrast agents that distribute into both intravascular and extracellular spaces, microbubble ultrasound contrast agents are solely intravascular in nature, therefore reflecting blood flow only. Looking at the potential applications of dynamic MR/CT and CEUS, there are, however, more similarities than differences. In breast imaging, CEUS has a potential in characterising mass lesions, staging invasive cancer, detecting tumour recurrence and assessing response to neoadjuvant chemotherapy [8, 9] . Correlation between dynamic MR features and prognostic factors has been investigated in breast cancer [10, 11] . CEUS parameters have only been studied as possible prognostic markers in tumours other than breast cancer [12, 13] , or in metastatic lymph nodes from breast cancer [14] . To our knowledge, there are no published studies examining the prognostic value of CEUS kinetics in breast tumours in vivo.
The aim of the study was to correlate CEUS kinetic parameters with traditional and molecular prognostic factors in invasive breast cancer.
Materials and methods

Patient material
Approval from the Regional Ethics committee was obtained for this study. All patients were informed about the study and gave their oral consent.
A total of 74 patients (74 women; mean age 58 years; range, 37-81 years) with 75 breast tumours were evaluated between March 2007 and September 2009. The inclusion criteria were: age of 18 years or more with a definite malignant appearance (ACR BI-RADS 5) detected primarily with mammography, ultrasound or both. Exclusion criteria were pregnancy or lactation, known allergy to the contrast agent (sulphur hexafluoride) and severe cardio-pulmonary disease.
Of the 75 lesions included in our study, 35 were palpable and 40 were non-palpable. Asymptomatic patients were recruited from screening mammography, and palpable lesions from the symptomatic breast clinic. All patients underwent ultrasound examination of the axillae. Pathological axillary lymph nodes found on ultrasound were confirmed with imaging-guided fine-needle aspiration biopsy (FNAB). All patients with clinically positive nodal status underwent axillary lymph node dissection, whereas sentinel node biopsy was performed in patients with clinically negative axilla.
Imaging methods
Mammography was performed using analogue equipment (Mammomat 3000 Nova; Siemens Erlangen, Germany/Planmed Sophie; Planmed, Helsinki, Finland/Senographe 800 T; GE, Milwaukee WI, USA) and full-digital equipment (MicroDose mammography; Sectra Stockholm, Sweden) using the three standard views: craniocaudal (CC), mediolateral oblique (MLO) and latero-medial (LM), and some additional views were acquired when needed (spot compression, magnification or supplementary views). The fundamental ultrasound examination in B mode was performed using a Philips iU22 (Philips Medical Systems, Eindhoven, The Netherlands) using a high-resolution multifrequency linear probe L17-5 MHz and special techniques SonoCT (real-time compound imaging, crossbeam imaging) and XRES (speckle, noise and clutter reduction imaging). Image acquisition with power Doppler was performed in all tumours as a standard procedure, with the intention of getting adequate and optimal detection of vascularity that was then used as the imaging plane for real-time contrast harmonic imaging (CHI) ultrasound. With the help of Doppler imaging, the most vascularised portion of the tumour was chosen for CEUS imaging.
Contrast-enhanced ultrasound was performed using realtime grey-scale CHI (CHI+FI, images side by side) ultrasound with the same equipment (Philips iU22, software Vision 2007-2009) using a multifrequency L9-3 MHz linear probe, especially designed for this purpose.
Second-generation microbubble (MB) contrast agent (sulphur hexafluoride, Sono Vue; Bracco, Milano, Italy) was injected through a 21-G catheter via the antecubital vein.
An injection of 2.4 ml MB was administered manually as a bolus (2 s), followed by a flush of 10 ml saline solution. The examination was recorded from the start of the bolus and for a 120-s period.
The lesion biopsies were performed after the ultrasound examination at the same visit; therefore CEUS results were not affected by the biopsy.
During CHI, a low MI of 0.06 was used in all cases, as well as applying minimal compression to the breast, to avoid bursting microbubbles.
Evaluation of images
CEUS studies were saved in the ultrasound hard disc system, and then transferred to a PC for further quantitative analyses with advanced ultrasound quantification software (Q LAB 7.0; Philips Medical Systems, Seattle WA, USA). The computer-assisted program, with the help of a "whole tumour ROI" delineating every tumour, allowed acquisition of time (s) / signal intensity (db) curves. In our study, raw kinetic curves acquired in the first 50 s after the appearance of contrast medium, were used for data analysis.
Prospective mage analysis was performed by two experienced radiologists (A.S., B.S.).
Analysis of time-signal intensity curves
The lognormal function was used to fit the raw CEUS timesignal intensity curves, in all 75 tumours. Mathematical modelling of contrast kinetics made it possible to quantitatively assess tumour microvascular blood flow with the calculation of different parameters [15] :
where I(t) is the backscattered signal intensity as a function of time. The parameters μ and σ are the indicators of location and shape of the lognormal distribution. Horizontal scaling of the curve can be done by changing μ: with fixed σ, the greater the μ, the slower the wash-in and wash-out rate will be. Whereas the skewness of the curve is determined by σ, with fixed μ; the greater the σ, the faster the wash-in and slower the wash-out rate will be. I 0 is the baseline intensity, and t 0 is the arrival time of the contrast medium bolus. This model allows the determination of haemodynamics-related parameters as the area under the curve (AUC), mean transit time (MTT) and time to peak signal intensity (t p ). Mean transit time is the average time the contrast agent at a given dose spends in the tumour vessels, whereas time to peak signal intensity (time-to-peak) is the time elapsed between the first appearance of contrast agent and maximum signal intensity value of the kinetic curve. Curve maximum (C max ) was defined as the intensity maximum on a fitted curve after subtraction of intensity offset. Another curve maximum was used, where C max was standardised to AUC (standardised curve maximum [C max-sd ]). Conventional parameters washout ratios at 21 and 50 s were calculated using the fitted lognormal curves (model-based wash-out ratios, W 21m and W 50m ). Wash-out ratio is an established quantitative parameter that is used to describe the downslope of kinetic curves. It gives the relative signal intensity decrease from the peak to the endpoint of the curve.
where W 21m and W 50m are the model-based wash-out ratios, SI peak is peak signal intensity, SI 21 and SI 50 are signal intensities on the fitted time-signal intensity curves at 21 and 50 s, respectively. Wash-out ratios measured at 21 and 50 s appeared to be important in discriminating benign from malignant breast lesions in a previous paper [16] , therefore we calculated both parameters in our recent study as well.
Histopathological and immunohistochemical analysis
All patients included in this study underwent surgical excision and histopathological verification of the excised specimen was performed. Tumour size was measured microscopically; it was defined as the maximum diameter of the largest invasive focus. Histological typing of tumours was performed according to the WHO classification. Tumour grade was determined using the Elston-Ellis grading system. Axillary lymph node status was considered to be positive when the histopathological examination of the excised lymph node showed metastatic involvement. Oestrogen (ER) and progesterone receptor (PR) status of the tumours was also determined as part of the routine practice, classifying tumours into 0 = negative, 1+ = low, 2+ = intermediate and 3+ = highly positive groups. In our institution the cut-off value of 1 % was used, 0 = defined as ER/PR negative-less than 1 % positive invasive tumour nuclei in the sample tested with immunohistochemistry (IHC). The categories 1+, 2+ and 3+ were all considered to be positive (more than or equal to 1 % positive invasive tumour nuclei in the sample tested with IHC).
HER2 immunohistochemical staining was classified as 0 = negative, 1+ = low, 2+ = intermediate or 3+ = highly positive. Tumours with 2+ or 3+ staining were considered HER2-positive, and tumours with 0 or 1+ were negative in this study. Fluorescent in situ hybridisation (FISH) was performed for samples with HER2 2+ and 3+ staining (in 19 cases), which confirmed the amplification of the HER2-gene in 6 (31.5 %) cases. HER2 receptor analysis was performed according to the American Society of Clinical Oncology/College of American Pathologists (ASCO-CAP) guidelines [17] .
The following antibodies were used for immunohistochemical analysis: Ventana RTU klonSP1 for ER, Ventana RTU klon1E2 for PR and Ventana PATHWAY4B5 for HER2.
Statistical analysis
Spearman's rank correlation test was performed to identify relationships between continuous and ordinal variables. Pearson's correlation was used for the comparison of two interval variables. One-way analysis of variance was applied to correlate nominal data with continuous variables. Dichotomous prognostic factors were correlated with kinetic parameters using the Wilcoxon rank-sum test (which is equivalent to Mann-Whitney U test).
Where more than one significant correlation was found at univariate analysis, multivariate tests were performed to choose the most significant predictors of a dependent variable. In our study, for binary dependent variables (PR status and axillary node status), logistic regression was performed using a backward covariate selection method.
Statistical significance was established at a P value of <0.05, whereas a "trend" towards statistical significance was defined as P value of >0.05 and <0.1. Bonferroni correction of the P values obtained was not applied owing to the exploratory nature of the study and, also, to a relatively small sample size.
The software package Mathematica, version 8 (Wolfram Research, Champaign, IL, USA) was used for curve fitting. Data extraction, calculation of parameters and statistical analysis was performed using the R statistical language and environment for Linux (version 2.10.1).
Results
Prognostic factors
Histopathological analysis of the 74 patients with 75 malignant lesions showed invasive ductal carcinoma not otherwise specified in 57 patients (76 %), invasive lobular carcinoma in 12 (16 %), invasive tubular carcinoma in 4 (5.3 %), invasive mucinous carcinoma in 1 (1.3 %) and invasive papillary carcinoma in 1 (1.3 %). According to the Elston-Ellis grading system, there were 17 (22.6 %) grade I tumours, 42 (56 %) grade II and 16 (21.3 %) grade III. The size of the tumours ranged from 4 to 45 mm and the mean size was 18.36 mm. There were 7 (9.3 %) ER-negative tumours, 21 (28 %) PR-negative and 6 (8 %) HER2-positive.
Of the 74 patients, ultrasound identified pathological lymph nodes in the ipsilateral axilla in 28 cases (the patient with two foci of cancer had negative axilla). Of these 28 cases, lymph nodes were palpable in 25 cases and impalpable in 3 cases. The axilla was found to be negative on physical examination and ultrasound in 46 patients. Among these, sentinel node biopsy revealed four additional cases of axillary lymph node involvement. Altogether there were 32 malignant tumours with associated histologically proven axillary lymph node metastasis.
Correlation between kinetic parameters and prognostic factors Statistically significant correlation was found between modelbased time-to-peak (t p ) and tumour grade (Spearman's rank correlation, P value=0.023); t p appears to be shorter in more aggressive tumours (Fig. 1) . The difference in t p between PRnegative and PR-positive tumours was statistically significant; t p was found to be significantly shorter in the PR-negative group (Wilcoxon rank sum statistic, W=394, P value=0.042). The comparison of t p with axillary node status showed that t p is shorter in node-positive tumours, after replacing an outlier (case 39) with the mean this difference was statistically significant (Wilcoxon rank sum statistic, W=897, P value=0.025, Fig. 2) . The model-based wash-out ratio, measured at 21 s (W 21m ) was found to be significantly higher in the ERnegative than the ER positive tumours (Wilcoxon rank sum statistic, W=350, P value=0.042). Similar correlation was found between W 21m and PR status, W 21m appeared to be significantly greater in PR-negative than PR-positive tumours (Wilcoxon rank sum statistic, W=756, P value=0.026) (Fig. 3) .
Kinetic parameters C max (curve maximum, Wilcoxon rank sum statistic, W=923, P value=0.012) and AUC (area under the curve Wilcoxon rank sum statistic, W = 904, P value=0.02) also showed significant correlation with axillary node status, although it should be noted that lower C max and AUC values were associated with positive axillary status.
Typical enhancement curves of low-and high-grade invasive breast cancers are shown in Fig. 4 .
Notable trends towards statistical significance were observed in the following correlations: between the lognormal parameter μ and PR status of tumours (μ appears to be decreased in PR-negative tumours; Wilcoxon rank sum statistic, W=417, P value= 0.079), between wash-out ratio W 50m and ER status (W 50m appears to be greater in ERnegative tumours; Wilcoxon rank sum statistic, W=330, P value=0.095), between MTT and ER status (MTT appears to be decreased in ER-negative tumours; Wilcoxon rank sum statistic, W=140, P value=0.075).
The correlation between contrast-enhanced ultrasound kinetic parameters derived from a lognormal model and prognostic factors is shown in Table 1 . For further comparison, Fig. 1 The relationship between model-based time-to-peak (t p ) and tumour grade (Spearman's rank correlation, rho=-0.26, P value=0.023). Shorter time-to-peak (t p ) represents a more aggressive tumour mean values of kinetic parameters in different prognostic groups are shown in Table 2 .
Multivariate analysis
Kinetic parameters found to be significant at the exploratory univariate tests were used in the multivariate models. Two models were constructed for binary logistic regression: the first model was included time-to-peak (t p ) and wash-out ratio W 21m , in which the dependent variable was PR status; whereas in the second model, t p , area under the curve (AUC) and curve maximum (C max ) were tested against axillary node status. No multivariate models were made for tumour grade and ER status, because there was only one statistically significant correlation in each dataset.
In the first model, W 21m was retained in the equation and proved to be an independent predictor of PR status (Wald zstatistic=-2.11, P value=0.034), but t p was rejected from the model. In the second regression model, where axillary node status was the dependent variable, C max retained its significance (Wald z-statistic=-2.15, P value=0.031). Kinetic parameters t p and AUC were rejected from the model.
Discussion
Angiogenesis is a normal physiological process in embryonic vascular development, but also plays an important role in wound healing and reproduction in health. Abnormal regulation of angiogenesis can occur in a number of pathological conditions including malignancies, inflammatory and autoimmune diseases, asthma, diabetes, cirrhosis, multiple sclerosis, endometriosis, stroke and ischaemic heart disease, but the list is far from being complete [18] . First Folkman hypothesised in 1971 that the growth and spread of malignant tumours are highly dependent upon the formation of new vessels [19] ; angiogenesis has been one of the most extensively researched topics in biomedical science ever since. Tumour expansion facilitates the release of several angiogenic growth factors, of which vascular endothelial growth factor (VEGF) is the one most often studied. The main steps that comprise the process of angiogenesis are the growth, Fig. 2 The relationship between model-based time-to-peak (t p ) and axillary lymph node status. Time-to-peak (t p ) is significantly shorter in node-positive tumours (after replacing an outlier with the mean, Wilcoxon rank sum statistic W=897, P value=0.025) Fig. 3 The relationship between W 21m (model-based wash-out ratio at 21 s) and (a) ER or (b) PR status. W 21m is significantly greater in ER-negative and also in PR-negative tumours (for ER status, Wilcoxon rank sum statistic W=350, P value=0.042, for PR status W=756, P value=0.026) migration and differentiation of endothelial cells. These newly formed pathological microvessels in tumours are largely different from normal capillaries. This vascular network shows perivascular detachment, irregular shape, abnormal calibre and the lining is composed of fenestrated endothelial cells. These changes usually lead to altered perfusion, increased permeability and lacking regulatory processes of normal vessels.
Modern radiology provides a number of imaging methods that are capable of the non-invasive assessment of tumourassociated angiogenesis. In breast imaging, DCE-MRI has emerged as a powerful supplementary tool for the detection of cancer [20] . Gadolinium-based contrast agents are intravascular and extracellular in distribution, therefore enhancement kinetics are influenced by both tumour perfusion and permeability of microvessels. Although there is a considerable overlap in contrast dynamics of benign and malignant breast tumours, kinetic DCE-MRI features help the differentiation of benign from cancerous tissue [21] . MR contrast perfusion is usually faster and, owing to increased vascular permeability, enhancement is stronger in malignant breast tissues compared with benign abnormalities. Altered perfusion in malignant tumours results in faster initial contrast enhancement (wash-in), peak-enhancement is observed earlier, and accelerated elimination of contrast (wash-out) is demonstrated; whereas benign lesions tend to show slower contrast medium uptake, the peak occurs later, and enhancement curves often exhibit a steady increase [22] . Unlike MR contrast media, microbubble contrast agents used in CEUS remain in the vasculature leading to somewhat different time-signal intensity curves, but the basic perfusion patterns are compatible with that of DCE-MRI. This allows CEUS to evaluate angiogenesis quantitatively [23] ; furthermore, CEUS kinetics can discriminate benign from malignant breast lesions similar to MRI [8, 24] .
It is difficult to quantify tumour neovascularisation, but microvessel density (MVD) and VEGF expression have been repeatedly proposed as prognostic markers for breast cancer [25, 26] . MR contrast enhancement in breast tumours was found to be related to VEGF expression [27] , and several studies have demonstrated correlation between MVD and MR features as well [28, 29] . Previous research has shown that MR contrast kinetics correlate significantly with established prognostic factors and biomarkers in breast cancer [10, 11] . Furthermore, elevated DCE-MRI parameters related to increased tumour perfusion and vascular permeability were shown to be predictive of shorter disease-free and overall survival of breast cancer patients [30, 31] .
Similar to DCE-MRI, CEUS imaging also has the ability to yield insight into tumour-associated angiogenesis, but contrast-enhanced ultrasound parameters are not affected by changes in vascular permeability and appear to be related more closely to MVD than VEGF expression [32] . In malignancies other than breast cancer, CEUS has already been studied as a potential prognostic tool. It has been pointed out that certain CEUS enhancement patterns show significant correlation with Ki-67 proliferative index in hepatic metastases from neuroendocrine tumours [13] and, also, tumour vascularisation at CEUS appeared to be a predictor of survival of patients with pancreatic adenocarcinoma [12] . To our knowledge, there has only been one study that investigated the role of CEUS in predicting the aggressiveness of breast cancer, but researchers examined contrast enhancement in lymph nodes and CEUS enhancement patterns were correlated with HER2 and lymph node stage [14] .
In our study, quantitative CEUS kinetic parameters measured in invasive breast cancers were compared using different traditional and immunohistochemical prognostic variables that are used routinely in clinical practice. We observed that tumours with shorter time-to-peak were more likely to have higher histological grade, negative PR status and metastatic involvement of the axillary lymph nodes. Wash-out ratio measured at 21 s after the appearance of contrast medium was also significantly associated with ER and PR status. There were further notable trends towards statistical significance in other comparisons: decreased lognormal parameter μ, increased wash-out ratio measured at 50 s and shorter MTT are likely to be associated with established predictors of poorer prognosis. According to our findings, increased tumour perfusion-that is shown by faster wash-in and accelerated wash-out-appears to be an indicator of worse prognosis in invasive breast cancer.
At univariate analysis there were two significant correlations that are difficult to explain: model-based curve maximum (C max , peak intensity) and area under the curve (AUC) also showed association with axillary node status, although boxplots showed that both C max and AUC were lower in tumours with positive than negative nodal status. We assume that these correlations are incidental and presumably due to the relatively small sample size. Multivariate statistics showed that wash-out ratio at 21 s is a stronger predictor of PR status than time-to-peak (t p ). Time-to-peak was rejected from the second multivariate model as well, where the dependent variable was axillary status, and C max was shown to be independently related to axillary status. Again we believe that our small sample size and relatively weak correlations at univariate analysis had a great influence on multivariate analysis, therefore definitive conclusions cannot be drawn from the multivariate tests. Owing to the lack of similar published research in the field of CEUS, we can only compare our findings with those of studies that focused on the prognostic value of MR enhancement kinetics. We can assume that the amplitude of MR signal is mainly affected by vascular permeability, but the early appearance of peak enhancement with faster elimination of contrast medium is strongly related to increased tumour perfusion even in DCE-MRI. In this aspect, our results are in accordance with previously presented data. In a previous MRI study [10] , shorter time-to-peak enhancement was associated with higher tumour grade, HER2 and ER status; and also, wash-out type enhancement curves showed an association with increased proliferation activity as assessed by Ki-67. Another study demonstrated that early peak enhancement on MRI correlated with negative ER expression [11] .
We can hypothesise that the more aggressive a tumour is, the higher its angiogenic activity will be to support its faster expansion. Increased new vessel formation in high-grade tumours may lead to higher MVD, which in turn affects the signal at DCE-MR and CEUS. Furthermore, faster development of microvessels may also result in a chaotic pathological vascular pattern, which possibly influences the formation of more arterio-venous shunts as well. As a result of these factors, blood perfusion will be increased, allowing a contrast bolus to flow quickly though the tumour microvasculature on both DCE-MR and CEUS imaging.
In summary, our study demonstrated that invasive breast carcinomas exhibiting earlier peak enhancement and faster elimination of microbubble contrast medium at CEUS are found to be associated with established predictors of poor prognosis. These promising results suggest that CEUS has the potential to determine the biological behaviour of invasive breast cancers non-invasively, and may also help to identify future clinical application areas for this new imaging method.
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